We studied the response of cerebral blood flow to acute step decreases in arterial blood pressure noninvasively and nonpharmacologically in 10 normal volunteers during normocapnia, hypocapnia, and hypercapnia. The step (approximately 20 mm Hg) was induced by rapidly deflating thigh blood pressure cuffs following a 2-minute inflation above systolic blood pressure. Instantaneous arterial blood pressure was measured by a new servo-cuff method, and cerebral blood flow changes were assessed by transcranial Doppler recording of middle cerebral artery blood flow velocity. In hypocapnia, full restoration of blood flow to the pretest level was seen as early as 4.1 seconds after the step decrease in blood pressure, while the response was slower in normocapnia and hypercapnia. The time course of cerebrovascular resistance was calculated from blood pressure and blood flow recordings, and rate of regulation was determined as the normalized change in cerebrovascular resistance per second during 2.5 seconds just after the step decrease in blood pressure. The reference for normalization was the calculated change in cerebrovascular resistance that would have nullified the effects of the step decrease in arterial blood pressure on cerebral blood flow. The rate of regulation was 0.38, 0.20, and 0.11/sec in hypocapnia, normocapnia, and hypercapnia, respectively. There was a highly significant inverse relation between rate of regulation and PacOj (p<0.001), indicating that the response rate of cerebral autoregulation in awake normal humans is profoundly dependent on vascular tone. (Stroke 1989;20:45-52) C erebral autoregulation is a homeostatic mechanism that minimizes deviations in cerebral blood flow (CBF) when cerebral perfusion pressure (CPP) changes. Cerebral autoregulation acts through vasomotor effectors that control cerebrovascular resistance (CVR). Previous studies have convincingly documented the ability of this physiologic system to maintain relatively constant CBF when CPP is within the range 50-170 mm Hg. 1 -6 Because this is a very fast-acting homeostatic mechanism, 7 the method for measuring autoregulatory responses should ideally have good time resolution. Our knowledge about the dynamic response of cerebral autoregulation in humans is limited because most indicator methods permit sampling of regional CBF at intervals of only minutes. Animal experiments 7 -10 indicate that the main autoregulatory response is produced within seconds. Measurement of dynamic response times and response rates to characterize the effectiveness of autoregulation is of interest not only from a physi-
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Autoregulation may or may not be impaired in patients with significant disease of the cerebral arteries; moreover, autoregulatory capacity may be partly or completely lost after stroke or subarachnoid hemorrhage. For the diagnosis and management of such patients, it would seem important to know and even monitor the effectiveness of cerebral autoregulation.
To study the dynamics of cerebral autoregulation, it is necessary to introduce a step disturbance (stimulus) in CPP and to record the responses of CBF and CVR continuously before and after this step disturbance. Recent developments in instrumentation now allow such measurements to be made by completely noninvasive means. We have also employed a mechanical noninvasive technique to induce a CPP step disturbance without drugs or changes in the concentration of vasoactive substances in the blood. Our study was designed to determine the response rate of cerebral autoregulation in healthy nonanesthetized humans. Furthermore, the influence of hypercapnia and hypocapnia on these response rates was studied.
staff gave consent to participate in our study after full explanation of the research protocol. No subject had any indications of cerebrovascular disease, and their mean blood pressures were <110 mm Hg. The subjects were investigated in the supine position with the head elevated above the bed by cushions.
Step decreases in arterial blood pressure (ABP) were induced by rapid deflation of cuffs around both thighs after a 2-minute inflation. In each subject, six such deflations were performed during normocapnia, three during voluntary hyperventilation, and four while the subject breathed a mixture of 5% CO 2 in air. (Hypercapnia was induced in only six subjects.) We recorded instantaneous values of end-tidal PCO2 (using an infrared gas analyzer), thigh cuff pressure, ABP in the right brachial artery, and Doppler spectra from the right middle cerebral artery (MCA) sampled with a rate of 25 Hz. After the experiment, the time course of CVR was calculated from these data. The measurements and the calculations used are described in more detail below.
The right MCA was insonated through the temporal bone window using a probe arrangement that could be strapped onto the subject's head and locked in position to permit continuous measurements. The MCA was identified as described previously. 1112 The prototype transcranial computer Doppler instrument 1213 incorporated a 64-point fast-Fourier transform to analyze the received velocity spectra. The amplitude outputs of four such transforms were averaged over each sample period of 40 msec and stored in memory with ABP, thigh cuff pressure, and end-expiratory PCO2 values. The data were transferred to disks after each individual experimental run.
Further processing of the Doppler spectra was performed off line. The maximum or outline blood flow velocity, calculated by the standard algorithm of the instrument, corresponds to the blood flow velocity in the center of the MCA. Because the flow is laminar, the mean cross-sectional velocity will be proportional to the maximum velocity (velocity profile does not change significantly with variations in velocity). Previously we have demonstrated a linear correlation between the MCA outline blood flow velocity and blood flow volume measured in the internal carotid artery (ICA) by an electromagnetic flowmeter during similar ABP variations. 14 The finding of a regression line intercept close to the origin in the blood velocity-blood flow volume relation suggested that MCA diameter did not change significantly. Therefore, in the present experiments, CBF was assumed to be proportional to MCA blood velocity. Absolute measurements of blood flow volume were not required for the calculation of the dynamic response, which means that the actual slope of the blood velocity-blood flow volume relation did not have to be known.
As a further precaution to avoid erroneous interpretation of the velocity data in terms of changes in CBF, we analyzed the Doppler signal power, calculated by squaring each spectral signal amplitude and adding those 32 components with Doppler shifts toward the probe (MCA direction). Signal power is proportional to the number of ultrasound scatterers. 15 Because the sample volume of the Doppler instrument is larger than the artery insonated, the number of such scatterers is proportional to the cross-sectional area of the artery. Therefore, any change in vessel cross-sectional area will be reflected proportionally in the power of the received Doppler-shifted frequency components. Power was determined over the last second before the step decrease in ABP (control) and between seconds 4 and 5 after the decrease, when ABP drop was maximal.
Instantaneous values of ABP are required for the study of autoregulatory dynamics. Conventional noninvasive methods employing slow cuff deflation to record systolic and diastolic blood pressure would miss the fast dynamic components. Therefore, we used a servo-cuff method 16 that is capable of recording the ABP waveform continuously over 1-2 minutes. A normal size arm cuff was connected to a very fast electropneumatic valve, which produced a cuff pressure wave that tracked the ABP wave in real time. The control signal to the servo was derived from an 8-MHz Doppler velocity measurement in the axillary artery 3 cm proximal to the cuff. The control algorithm was designed to maintain low blood flow velocity in the artery throughout the heart cycle. Then, by the flow restriction principle, 16 the artery under the servo-cuff would remain partially collapsed, and the servo-cuff pressure waveform would equal the intra-arterial blood pressure waveform. The servo-cuff pressure waveform was measured by a conventional transducer and filtered by a 10-Hz low-pass filter to eliminate high-frequency artifacts due to the Doppler noise propagating through the servo loop. Such noninvasive ABP recordings have been compared with intra-arterial blood pressures for step decreases in ABP produced by leg cuff deflation ( Figure 3 in Reference 16). The servo-cuff method was found to measure these step decreases very accurately.
The servo-cuff was placed on the right arm so that any nerve stimulation from cuff pulsations would be directed to the hemisphere contralateral to the site of CBF measurement. The hydrostatic zero point was assumed to be at the level of the circle of Willis, and the fluid column between this level and the servo-cuff level (approximately 12 mm Hg) was subtracted to give an ABP reading approximating CPP. This assumption was based on the hydrostatic effects of the position used. Because the right atrial blood pressure is lower than the hydrostatic column between the heart and the head, venous sinus pressure and intracranial pressure (ICP) will be close to 0 in a normal subject in the supine position with the head elevated. Conventional thigh cuffs were modified with larger tubings (5 mm i.d.) and connected with a large-bore Y-piece. The thigh cuffs were wrapped around both thighs and inflated above the systolic blood pressure of the subject. Each subject was maintained in this state for 120 seconds to produce leg hyperemia. Thigh cuff pressure was measured by a transducer connected to the computer system. The thigh cuffs were deflated abruptly by pulling the tube off the Y-piece. Thigh cuff pressure fell below diastolic blood pressure in <200 msec ( Figure 1 ).
Recordings from each subject in each PacO2 state were averaged with a common time reference. Time 0 for this averaging algorithm was the abrupt fall in thigh cuff pressure. To determine the overall mean response, all individual recordings were averaged for each PacOj state ( Figure 2 ). MCA velocity and ABP tracings were both smoothed through a digital low-pass filter (-3 dB at 1 Hz and -17 dB at 2 Hz) to dampen harmonics of the pulse wave. Control values of CBF (proportional to velocity) and ABP were defined by their means during the 4 seconds before thigh cuff release. Changes in arterial blood pressure (AABP) and cerebral blood flow (ACBF) were determined relative to these control values. By this approach, the subject was his own reference. Control values were defined for each PaC02 state.
The time course of CVR was determined by dividing ABP by CBF for each time point. The computer then plotted curves as shown in Figure 2 , in which all variables are expressed relative to their respective controls.
In the present experiments, ABP was decreased abruptly and remained low for a limited time, approximately 6-7 seconds; then reflex cardiovascular action gradually restored ABP almost to the control value. Before the onset of the reflex effect, it was possible to equate AABP with a step stimulus. The magnitude of the step was calculated by subtracting control ABP from mean ABP during the interval from 1 to 3.5 seconds. This value was then divided by control ABP to obtain the relative step, AABP.
During the interval from 1 to 3.5 seconds, CVR changed with time (T) in an approximately linear fashion. A regression line could be fitted to these data (Figure 2, lower) . The slope of this regression line (ACVR/AT) defines the rate at which CVR changes. This rate depends on AABP. Full restoration of CBF would theoretically occur if AC VR was equal to AABP. The rate of regulation (RoR) was therefore defined as RoR=(ACVR/AT)-AABP. According to this definition, RoR of 0.2/sec (as in Figure 2 , middle) implies a per-second adjustment of 20% of the full CVR change necessary to fully compensate for AABP.
Results
Recordings from one representative experiment are displayed in Figure 1 . The upper panel shows superimposed tracings of ABP and thigh cuff pressure. The rapid release of the thigh cuffs elicited an abrupt decrease in ABP approximately 200 msec later. This decrease is also seen in the MCA velocity tracing (Figure 1, middle) . While ABP remained low for the four or five heart beats, MCA velocity returned to control. After this phase, there was an overshoot in MCA velocity while ABP returned to control.
The averaged and filtered tracings from the entire series are presented in Figure 2 for each Pacc>2 state as listed in Table 1 . AABP was practically identical across states as seen in Figure 2 . A AABP of approximately 20%, within the normal physiologic range of blood pressure disturbances, was achieved. Moreover, this AABP was sufficient to evoke a marked response of autoregulation (CBF response) as seen in Figure 2 .
The CBF response depended on the Pacc>2 state. In hypocapnia (Figure 2 , left), autoregulatory action was very rapid; after only 1.9 seconds ACBF was reduced to half. After 4.2 seconds CBF was even greater than control. This finding indicated an oscillatory autoregulatory response that was damped at 8 seconds. The autoregulatory response was slower in normocapnia ( Figure 2, middle) ; the time for half-maximal response was 3.4 seconds, and overshoot was seen only when ABP was increasing gradually (8-12 seconds) . This type of overshoot was probably not due to an oscillatory autoregulatory response but was more likely to be due to the delay in autoregulatory action compensating for the Figure 2 , in which all responses at each time were averaged before determination of RoR. These averages came very close to the regression line determined by analysis of all the individual responses. There was a highly significant correlation between RoR and Pacc^ (r=-0.72, /?<0.001). RoR almost doubled relative to normocapnia, from 0.20 to 0.38/sec, during hyperventilation. Breathing 5% CO 2 in air caused a 45% reduction in RoR relative to normocapnia, to 0.11/sec. As seen in Figure 3 , nine subjects had comparable RoRs, while one subject had a much more rapid response, with an RoR as high as 0.8/sec during hyperventilation. In this subject only 2 seconds were necessary to compensate fully for the step decrease in ABP. This subject had borderline hypertension during the investigation (mean ABP of 109 mm Hg), which was 24 mm Hg higher than the mean of the group and 16 mm Hg higher than the next highest ABP measured. This observation suggested that there could be a possible correlation between ABP and RoR. Regression analysis of the relation between RoR and ABP in normocapnia was therefore performed, and an almost-significant (r=0.4, p=0.055) correlation was found. This result, however, should be viewed from the perspective that our study was not initially designed to correlate autoregulatory dynamics with changes in control ABP and that these findings were not the outcome of a systematic experimental approach. Analysis of the Doppler-shifted power spectrum during normocapnia demonstrated that the signal power was reduced by 2.55±1.2% (mean±SEM) at 4-5 seconds compared with control. This reduction was not significant (p>0.05) and could possibly be explained by the slight reduction in MCA blood velocity at the time of power calculation. During hypocapnia, when velocity had returned to control at 4 seconds, a reduction in signal power was not seen (0.4±1.0%). If the MCA had reacted to the step decrease in ABP with compensatory vasodilation, a marked increase in power would have been expected. Such an effect was not seen in any subject, and the largest increase recorded was only 2.3%.
Discussion
Cerebral autoregulation is an extremely sensitive mechanism, and some attempts to investigate its action have stranded on the experimental design, which induced diminished responsiveness by injuries and lengthy preparations. 17 Investigations in awake, normal humans carry special weight because they are closer to the normal physiologic state than animal experiments. Furthermore, it is necessary to ensure that the interventions used to induce changes in ABP do not have a direct effect upon cerebral vascular smooth muscle. 3 A recent review on the cerebral circulation 18 states: "Perhaps the most physiological responses to alterations in perfusion pressure are those induced by changes in posture in unanesthetized humans." Our study was designed to minimize interventions and to study the normal physiologic response to acute reductions in ABP and CPP. Our model might be representative of many situations in daily activity involving posture changes, etc., in which a rapid homeostatic action is necessary to preserve CBF. Because we employed new techniques, we will first discuss the validity of our measurements and the approach we used to evoke the autoregulatory response.
Blood Pressure Step
The ideal stimulus to cerebral autoregulation is an abrupt change in CPP that is maintained during the entire interval in which autoregulatory adjustments take place. In this respect, our method was not entirely ideal in the sense that ABP was lowered in a stepwise fashion for only 5-7 seconds before reflexes started to restore ABP. (The response of these reflexes might be an interesting study in itself.) In normocapnia, and even more so in hypocapnia, this time was sufficient for autoregulation to be observed with almost full restoration of CBF. Therefore, we limited our analysis to a time during which ABP decrease was very close to an ideal step. The first second of the step was also excluded from analysis because CBF during this period might possibly reflect blood flow to and fro in the compliant arterial system. Exclusion of this first second also eliminated transients because of the arterial pulse transmission delays between ABP measured in the arm and CBF measured in the cerebral arteries.
Because our study was performed in normal healthy subjects, we could assume a low ICP that was not influenced significantly by either ABP changes or the cerebral vasodilation necessary to adjust for the decrease in CPP. If the latter effect had been present to any significant degree (such as in subjects with increased ICP and a less compliant intracranial space), this would have meant a secondary decrease in CPP caused by vasodilation, and compensatory CBF restoration would have been delayed.
Another possible source of error in our experimental design could be the CO 2 -rich and hypoxic blood from the legs returning to the circulation and influencing cerebral vascular tone. The transport time from the legs to the cerebral vascular bed through the right heart, the pulmonary circulation, the left heart, the aorta, and the carotid arteries is approximately 15 seconds. The mixed blood from the legs would therefore arrive in the brain long after the data for analysis were collected. The influence of any such PacO2 increase even after this period was probably small because no secondary increase in CBF was seen even after 15 seconds.
Cerebral Blood Flow Measurements
The validity of our assumption that CBF (in the MCA territory) is proportional to blood velocity in the MCA depends on the two premises that the cross-sectional area of the MCA does not change significantly and that blood flow in the MCA trunk is not circumvented by collateral networks. The latter premise is almost self-evident in our experiments. Because the measurement site was distal to the circle of Willis, the only collaterals possible were the leptomeningeal anastomoses over the convexities of the cerebrum. This source of collateral blood supply has a high flow resistance. Moreover, perfusion pressure in the anterior and posterior cerebral artery territories changed equally with that in the MCA. Therefore, there could have been no perfusion pressure gradient to drive the blood through peripheral collateral channels connecting these territories.
The first premise was investigated by recording the Doppler signal spectral power before and after the step decrease in ABP. The late period of the step was chosen because blood flow velocity was comparable to that before the step so that reflected power could be compared at similar spectral distributions. The transcranial approach offers an ideal setting for using signal power to investigate changes in the cross-sectional area of arteries. The sample volume of the 2-MHz instrument is slightly larger than the artery studied. 19 The MCA was insonated at an angle of approximately 20° in most subjects. Also, the probe was fixed to the subject's head so that movement artifacts were avoided during the relatively short period of recording. The basal cerebral arteries are anchored so that displacement during the maneuvers is prevented.
According to theories of ultrasonic scattering from blood, any change in artery cross-sectional area would cause a proportional increase in signal power. 15 Even if this relation were not perfect because of inhomogeneities in the ultrasonic beam shape over the artery, we would at least expect that a significant change in area would cause a significant change in power. The change in signal power measured during normocapnia was an order of magnitude lower than the changes in ABP and CBF; there was no change during hypocapnia. These results strongly suggest that the human MCA crosssectional area does not change significantly during a 20-mm Hg step decrease in ABP. This conclusion is in agreement with findings of very stiff walls of human cerebral arteries 20 and with studies comparing ICA blood flow and MCA blood velocity when ABP changed.
14 Experimental studies 21 -23 have shown that the main autoregulatory action in response to ABP decreases is located in small vessels (diameter of <40 pirn) in the brain parenchyma. Arterioles with diameters of 322 /xm increased their calibers only minimally when ABP was lowered from 90 to 70 mm Hg. 21 If this finding is extrapolated to the human MCA, which is larger by an order of magnitude, no significant active regulation of MCA diameter would be expected.
In conclusion, the assumption of proportionality between MCA blood velocity and flow in our experimental protocol is supported by the available evidence.
Mechanism of Autoregulation
The response of autoregulation to step increases in ABP was studied in baboons by Symon et al. 7 They found a very rapid CVR adjustment, with an initial peak at 0.5 seconds and a secondary peak at 3-4 seconds after the step. Since CBF was measured on the outflow side in Labb6s vein, it is possible that the initial peak was caused by the delay in the transmission of the flow wave through arterioles, capillaries, and small veins. This delay was clearly seen in one of their other recordings ( Figure 9 of Reference 7) when no autoregulation was present due to cerebral ischemia. Therefore, the 3-4-second peak was probably the real autoregulatory response, and it corresponds to our findings of an overshoot at approximately 4.5 seconds (Figure  2 , left). It should be noted that step increases were used in the baboon experiments, 7 whereas we used step decreases. Our data indicate an increase in RoR and overshoot with increasing vasoconstriction, and this could explain the somewhat faster and larger overshoot observed by Symon et al. 7 Studies on the influence of Paco2 on the static CPP-CBF characteristics show that the curve becomes more parallel to the CPP axis during hypocapnia, whereas hypercapnia shifts the curve toward a passive-resistive CPP-CBF relation. 1 -418 Interpreted in terms of a feedback system, 18 an error signal (imbalance in blood flow) is necessary to activate changes in vasomotor tone. If the openloop gain is high, only a small disturbance in CBF is sufficient to cause a large reaction in CVR. This means that hypocapnia would increase feedback gain, whereas hypercapnia would decrease and even abolish the gain.
The changes in RoR could have been mediated through such changes in feedback gain. When gain increases, RoR becomes both more rapid and more oscillatory. This is a well-known experience in man-made control systems with time constants and delays in the feedback loop. Hypothetically, assuming a potent vasodilator regulator substance involved in a metabolic feedback loop, 24 -23 the overshoot in cerebral autoregulatory response could be explained as follows: Initially there is a step decrease in ABP and an immediate reduction of CBF. Slight hypoxia develops in the neurons and their environment, and (through some unknown pathway) regulator substance is released locally. 25 With some delay, the tone of vascular smooth muscle is decreased by the vasodilatory properties of the regulatory substance. Because of these time constants/delays, it could well be that more regulator substance than is required for restoration of normal CBF is released before the vascular smooth muscle has responded to the action of the regulator substance. This situation would cause an overshoot in CBF when the effect of the regulator substance on smooth muscle was fully developed. The CBF overshoot would, in turn, create a slightly hyperoxic environment, reduce production of the regulator substance, and cause smooth muscle to contract again to achieve the desired CBF and metabolic environment. Reasoning along these lines, it is perfectly conceivable that a metabolic feedback system with a high open-loop gain could explain the overshoot of the cerebral autoregulation response seen with a large step increase in ABF and/or with hypocapnia (this study).
The hypothesis 7 that the rapid autoregulatory response is produced by a myogenic mechanism is not supported when our results are compared with those from an earlier study in which purely functional stimuli (light on the retina) were used to evoke CBF responses. 26 The comparable RoR from the visual evoked CBF study was 0.22/sec for the lights-off response and 0.32/sec for the lights-on response. The half-time responses were also slightly faster than in the present experiments. ABP was higher in the visual evoked CBF study because there was no step decrease in ABP, and this might account for the slightly faster autoregulatory responses. Studies on isolated posterior cerebral arteries of rats 27 or pial arteries of monkeys 28 showed that the myogenic response developed over a period of 1-10 minutes. This is more than an order of magnitude slower than the autoregulatory response we observed.
Because the time response of CBF to step decreases in ABP was practically identical to that of functional stimuli in normal humans, it seems reasonable to assume that the same feedback loop is involved in both. This is in agreement with studies using venous blood pressure increases to discriminate between the metabolic and the myogenic hypotheses of cerebral autoregulation. This simulus resulted in arteriolar vasodilation 29 and constant CBF, 30 whereas vasoconstriction and significantly reduced CBF would have been the result expected from a myogenic mechanism.
In summary, our study lends support to the hypothesis 6 that the rapid response of the cerebral autoregulation in normal human physiology is mediated by a metabolic mechanism. Furthermore, we have shown that the cerebral autoregulatory actions are significantly faster than those of the baroreceptor reflex regulating ABP.
Clinical Implications
Investigations on physiologic parameters in awake normal humans carry special weight because they more closely represent the normal physiologic state than can be achieved in animal experiments. Our clinically most significant finding is the strong dependence of RoR on cerebral vasomotor tone. Measuring RoR with the present technique is completely noninvasive and nonpharmacologic. Therefore, we envision that it will be possible to obtain clinically relevant information on autoregulatory gain and the cerebral vasomotor state from such noninvasive response studies. This new level of insight may be of value in the day-to-day management of patients under neurointensive care, for diagnostic purposes, and to obtain improved insight into the pathophysiology of many cerebrovascular disorders.
